Velocity measurements from 17 deployments of moored acous- 
Introduction
The cross-shelf circulation associated with coastal upwelling has been well documented for wind-driven middle and outer continental shelves, where water depths are generally deeper than 50 m. Numerous review papers exist on the subject (i.e., Huyer, 1983; Huyer, 1990; Hickey, 1998) and the interactions of the wind forcing, surface and bottom transports, and bottom stress from these phenomena have been documented on many of the world's continental shelves (i.e., Allen and Smith, 1981; Smith, 1995) . In general, all describe a cross-shelf circulation with offshore surface Ekman transport driven by the along-shelf wind stress. A return flow exists either in the interior of the fluid or in the bottom boundary layer (BBL) created by the interaction of the along-shelf current and the shelf bottom. The contributions of the interior and BBL to the return flow over the middle to outer shelf is dictated by the slope Burger number, a measure of the relative importance of stratification and bottom slope (MacCready and Rhines, 1993; Austin and Lentz, 2002) . Most middle and outer shelf investigations of upwelling have found fully developed Ekman transport in the boundary layers with small stresses in the interior (Lentz, 1992; Lentz and Trowbridge, 1991) . Less is known about downwelling circulation, although observational (Winant, 1980) and model studies (Austin and Lentz, 2002; Allen et al, 1995) confirm the same notion of wind-forced onshore Ekman transport and offshore compensatory flow beneath.
Inshore of these middle and outer shelf locations exists a region in which the wind-driven cross-shelf Ekman transport is reduced in magnitude due to the presence of a coastal wall (Gill, 1982) . The cross-shelf extent of this divergence of Ekman transport encompasses the region of active upwelling or downwelling (Lentz, 2001) jectives of the program are to quantify patterns of distribution, abundance, and diversity in nearshore communities and determine how oceanographic processes influence these patterns.
This study begins to quantify the wind-driven dynamics in the inner shelf, forming a foundation for interdisciplinary analyses to follow. A companion paper by Austin and Grantham (2005) uses different portions of the PISCO data set to analyze sub-inertial along-shelf and cross-shelf variability in the inner shelf off Oregon. In summary, the PISCO project has enabled the transition between shelf and nearshore circulation occurring within the inner shelf to be more clearly understood.
Using measurements obtained from the long-term mooring efforts taking place in the region, this study describes the offshore extent of the Ekman divergence off Oregon by comparing the measured cross-shelf transports to theoretical values. The observations used in this study are introduced in Section 2, along with the theory and data analysis techniques employed to compute the measured and theoretical Ekman transports. Section 3 describes the results of the transport fraction calculation and then examines the effects of both stratification and the frictional coefficient used to obtain bottom stress. A discussion of the key results follows in Section 4, including a comparison with previous results from the wide, gently sloping North Carolina shelf. Section 5 summarizes the findings of this study.
Data and Methods

Data sources
The bulk of the observations used here were made as part of PISCO's Oregon State University Austin and Grantham (2005) . Over the course of the four summers examined here, the program made 14 deployments of bottom-mounted upward-looking acoustic Doppler current profilers (ADCPs) at 6 locations spanning an along-shelf distance of 83 km (Figures 1 and 2) . The ADCPs, 600-kHz Workhorse Broadband Sentinels from RD Instruments, collected 2 minute averages of water velocities from 1-m depth increments starting 3 m above the seafloor. Adjacent to each ADCP deployment, a separate mooring recorded temperature at multiple depths and conductivity at mid-water. These instruments sampled every 2-30 minutes, depending on the instrument and deployment year.
The deployed ADCP array varied in size and locations among the years described. Mean water depths for the deployments ranged from 8 to 30 m, although most were located at 15 m ( To augment the PISCO array with offshore observations, 3 additional velocity measurements from adjacent field programs are included in this study. Velocity profiles were obtained from a 1999 deployment at station IS, located offshore and 5 km south of station YH (Figure 1 ), as part of the Prediction of Wind-Driven Coastal Circulation Project, a NOPP Project (Boyd et al, 2000; Oke et al, 2002) . Similar deployments were made in 2001 as part of the Coastal Ocean Advances in Shelf Transport (COAST) Project offshore of stations CH and SH (Boyd et al, 2002) . Each of these three deployments, all at 50 m depth, consisted of moored upward-looking 
Ekman transport theory
The wind-driven cross-shelf circulation can be described by the relationship between the cross-shelf transport and the applied stress that drives it. Starting from a linear, layer-integrated along-shelf momentum balance:
where V , U , and P are the layer integrated along-shelf velocity, cross-shelf velocity, and pressure, ρ o is a reference density, and τ February 10, 2005, 11: 49am D R A F T defined as the cross-shelf transport balanced by the applied surface stress divided by a reference density and the Coriolis parameter (Ekman, 1905) . In shallow waters, where this Ekman transport is not fully developed, the relationship can be further approximated using a linear regression as (Lentz, 2001 ):
with a, the slope of the line, defining the fraction of full Ekman transport present while b, the y-intercept, is the transport at zero wind stress. Using this relationship for the surface Ekman layer, and a similar one for the bottom layer, we can calculate how measured surface and bottom transports compare with the full theoretical Ekman transports computed from the surface and bottom stresses.
Evaluating (3) is best handled using a neutral regression technique (Garrett and Petrie, 1981) .
While a normal linear regression technique minimizes the variance in one dimension, a neutral regression minimizes the variance in both dimensions. Here, the regression coefficient (a) is defined as the square root of the ratio of the variance of the second timeseries to the variance of the first timeseries, or:
More complex methods for computing this regression exist (e.g. Reed, 1992) , however these methods differ from (4) only if known measurement uncertainties are used to compute the required weighting functions. If the variance of the input timeseries are used as weights, a reasonable assumption if measurement uncertainties are not known (Reed, 1992) , this method collapses to the simple ratio used by Garrett and Petrie (1981) . February 10, 2005, 11: 49am D R A F T Using these methods we can define the offshore extent of Ekman divergence using the theoretical Ekman transport given by (2) and the measured Ekman transports derived from the velocity observations (see next section). Here, the neutral regression coefficient is the square root of the ratio of the measured Ekman transport (timeseries 2) to the theoretical Ekman transport (timeseries 1).
Calculating Ekman transports
Measured Ekman transport
For each deployment, estimates of the cross-shelf transport in the surface and bottom Ekman layers were calculated from the cross-shelf velocity profiles obtained from the ADCPs. As ADCPs do not sample the entire water column, the cross-shelf velocity profiles were extrapolated to the surface and bottom in order to compute cross-shelf transports occurring throughout the water column. For the COAST 50-m deployments in 2001, velocity observations below 40 m and above 6 m depth were excluded because of quality control concerns (Boyd et al, 2002) . For station IS in 1999, velocity observations below 40 m and above 8 m were excluded from the velocity profiles (Boyd et al, 2000) .
Similar 'tide-independent' quality control analysis at the PISCO deployment locations would exclude up to 1/3 of the water column at high tide due to larger tidal height variations at these shallow locations. Therefore, profiles of the total acoustic backscatter intensity were used to create 'tide-following' velocity profiles for all of the 30, 15, and 8-m ADCP deployments. Gordon, 1996) . For the same reason, an additional 3 surface bins were subtracted from the 30-m location velocity profiles. All further analysis was performed on hourly-averages of the tide-following velocity profiles from the PISCO deployments and the quality controlled 50-m deployments mentioned above.
Possible sources of error in ADCP measurements include both random error and a bias due to surface gravity wave orbital velocities. RDI literature (Gordon, 1996) estimates the random error in the velocity measurements as the standard deviation of the difference in the vertical velocity estimates made by the two beam pairs. This 'error' velocity can then be estimated for each depth bin measured for each deployment. Error velocities averaged 0.01 m s −1 for all PISCO deployments and less than 0.01 m s −1 for the COAST and NOPP deployments (Boyd et al, 2000; Boyd et al 2004) . In addition, because most deployments were in relatively shallow water, the inclusion of partial periods of the dominant surface gravity waves in the 2-minute ensemble averages might cause a bias in the velocity estimates. An estimate of this type of bias can be made considering the particle motion of a 1 m amplitude linear wave. Based on these parameters the estimated bias ranged from 0 to a maximum of 0.025 m s −1 for wave periods from 4 to 20 s. In 15 m of water, the range of the maximum possible bias with depth was less than 0.01 m s −1 . Thus the bias is a strong function of wave period but a weaker function of depth below the surface, as the majority of the bias is absorbed into the depth-averaged mean velocity.
Since we are only concerned with the depth-dependent component of the water velocities, the maximum possible bias due to surface gravity waves is of similar magnitude as the random error given above.
The principle axis coordinate system was used for velocity observations presented here. The principal axis of flow is that which minimizes the velocity variances in the minor axis. For most
deployments, orientations of the axes ranged from 4 to 13
• clockwise from North (Table 1) , with notable exceptions located primarily at station FC. In general, the principal axes are aligned with local bathymetric contours. After rotation into the principal axis coordinate system, the velocity profiles were considered to be in along-shelf and across-shelf coordinates. Cross-shelf transports were then found from the cross-shelf components of the measured water velocity profiles.
To compute transports based on the full water column, a number of extrapolation techniques were considered. The simplest method, vertically extrapolating to the surface and the bottom as- After extrapolation, the depth-averaged mean of the cross-shelf circulation was removed from all deployments to isolate the depth-dependent cross-shelf circulation.
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In this analysis, the flow field was assumed to be two dimensional and uniform in the alongshelf direction. The inner shelf off the coast of central Oregon is relatively along-shelf uniform in nature (Figure 1 and 2). While the large Heceta Bank in the southern part of the region influences circulation at depths greater than 50 m, there is little variation in along-shelf bathymetry at depths less than 50 m ( Figure 2 ). However, small scale coastal topography could become an influencing factor in areas immediately adjacent to the coastline (Figure 1) . If the twodimensional assumption used in this calculation is valid, the total cross-shelf transport caused by wind-forcing should have zero mean. Therefore, the depth-averaged portion of the crossshelf transport is expected to be small and uncorrelated with the wind. This criterion will be tested in Section 3.
From the resulting zero-mean hourly profiles for each deployment, the surface transport was found by vertically integrating from the surface down to the first zero crossing of the profile ( Figure 4) . Similarly, the bottom transport was found by vertically integrating from the bottom up to the lowest zero crossing available. These integrated transports form the measured surface and bottom transports used in the calculation. This method has been used previously for both inner shelf (Lentz, 2001; Austin and Lentz, 2001 ) and outer shelf (Allen et al, 1995) analysis.
Theoretical Ekman transport
Estimates of the surface and bottom stresses were used to calculate the theoretical Ekman transports in each layer using equation ( of along-shelf and cross-shelf wind velocities were used to compute wind stress in the alongshelf direction using the empirical method given by Large and Pond (1981):
where ρ a = 1.25 kg m −3 and C f , the frictional drag coefficient, is a function of wind speed as well as the height of the measurement. All measurements were translated to 10 m height wind velocities and wind stresses using the assumption of a stable atmosphere (Large and Pond, 1981) .
Using the neutral regression technique outlined above, the along-shelf wind stress observed offshore at buoy 46050 during each summer was compared with wind stresses from the Newport shelf winds to the offshore buoy winds is similar in magnitude to the regression between CMAN winds and buoy winds. In fact, winds at mid-shelf locations were found to be statistically equal to CMAN winds at Newport.
From the comparisons shown, the CMAN station winds should be most representative of local winds at the 8, 15, and 30-m mooring deployments during the summer periods of interest and will be used in this analysis for those stations (Table 2) . Further, given the high correlation between mid-shelf winds and CMAN winds in both 1999 and 2001, for continuity the CMAN winds will be used for the 50-m deployments as well.
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While these regressions give estimates of cross-shelf curl of the along-shelf wind stress, the average cross-shelf wind stress curl along the Oregon coast was also computed. Curl-driven upwelling can be a significant part of the total upwelling (Pickett and Paduan, 2003 ), yet as stated earlier, Samelson et al (2002) reported a small wind stress curl off central Oregon. With a maximum computed cross-shelf curl of 10 −6 N m −3 , our calculations agree with these conclusions. In addition, most of the wind stress curl found occurred offshore of the mid-shelf moorings at 80 m depth ( Table 2) . This is an important result, as it implies that a divergence of Ekman transport inshore of 80 m depth is most likely caused by coastal upwelling rather than curl-driven upwelling. For these reasons, wind stress curl is not considered to be an important factor here.
The along-shelf bottom stress was approximated, following Lentz (2001) as:
where v b is taken as the along-shelf bottom velocity (i.e., the deepest measured along-shelf velocity during each deployment), and r is the frictional coefficient. A value of r=5x10 −4 m s −1 was used here based on previous mid-shelf observations (Lentz, 2001; Lentz and Winant, 1986) . While a quadratic stress parameterization is thought to be more appropriate in and near the surf zone (Feddersen and Guza, 1998) , initial tests found correlations of measured and theoretical transports calculated using linear bottom stress were not significantly different than correlations of measured and theoretical transports calculated using quadratic bottom stress.
Thus for simplicity, quadratic bottom stress was not considered here. In contrast, the success of the bottom transport fraction calculation is quite sensitive to the frictional coefficient used. This parameter is evaluated further in Section 3.2.
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Finally, prior to performing the neutral regression both the measured and theoretical transports were low pass filtered using a filter with a 40-hr cut-off (Mooers, 1966) in order to isolate the sub-tidal portions of the transport calculations. Further, in the results shown below the 95% confidence level is used throughout to establish significant correlations and confidence intervals.
Hydrographic observations
Hydrographic observations from moorings adjacent to each 15-m ADCP location were used in this study to examine the role of stratification on cross-shelf transport. A typical mooring at 15 m in the PISCO mooring program consists of temperature measurements at 1, 4, 9, and 14 m, with additional temperature and salinity measurements at 8 m. All temperature and salinity records were low pass filtered using the method described above to isolate the sub-tidal frequencies of variability. However, the PISCO data set lacks adequate vertical salinity coverage to compute stratification using the top to bottom density difference. Therefore, the difference between the surface and bottom temperature sensors, divided by the distance between them, is used as a proxy for the stratification. The majority (60%) of surface temperature values were from 1 m depth. When 1-m measurements were not available, temperature measurements from 4 m depth were substituted. The validity of using the temperature gradient as a proxy for the density stratification is discussed in Section 4.4.
Results
Transport results
Using the methods described above, the measured and theoretical transports for both the surface and bottom layers were calculated for each deployment and then compared using the Table   3 . Significant results are defined here as those deployments where the measured and theoretical transports are positively correlated, while the wind stress and the depth-averaged velocity are uncorrelated. Both criteria indicate that the assumption of along-shelf uniformity is valid for the wind-driven circulation. Based on these conditions, significant results were found for the majority of the 17 deployments ( Table 3) the momentum balance (1) that we've assumed to be small (e.g. along-shelf pressure gradients or accelerations), the importance of which apparently increases moving offshore. However, as our focus is on wind-driven cross-shelf circulation, these non-wind-driven mean transports will not be discussed further.
Comparing the different methods of extrapolation used for the 30-m and 50-m deployments showed the following. At the two 30-m locations, the average difference in transport fractions between the 3 methods was less than 3%. Thus, only results using constant velocity extrapolation profiles are included in Table 3 while the two significant bottom fractions were 100 and 160% respectively ( Table 3) . Results from the constant slope extrapolation profiles consistently over-estimated the fraction of full Ekman transport present in the surface layer with all three deployments over 120%. The significant bottom transport fractions using the constant slope extrapolation method were 91% and 160% ( Table 3) . Results from the combined extrapolation method (constant velocity at surface, constant slope at bottom) follow those above: surface fractions were similar to the constant velocity method while bottom fractions were similar to those from the constant slope method. full-Ekman transport at the deepest deployment depth, 50 m. A linear fit to the surface fractions of the significant deployments increases offshore from 25% at 15 m to 90% at 50 m. A similar fit of the significant bottom fractions increases from 45% at 15 m to 130% at 50 m, although there is considerably more variability in the bottom transport fractions at both depths.
As the bulk of the deployments were at water depths of 15 m, results at these locations are discussed further. At all 15-m stations except station YH, calculated bottom transport fractions were consistently larger than their corresponding surface transport fractions ( Figure 6 ). Bottom transport fractions were an average of 1.2 and 2.1 times the surface transport fractions at stations SR and SH, 1.3 at LB, 2.5 at CH, and 2.2 at station FC while only 0.88 at YH ( 
Effects of bottom stress parameterization
Assuming that the wind-driven flow is two dimensional and steady with no along-shelf pressure gradient, the depth-integrated along-shelf momentum balance is between the surface and bottom stress terms only. If this is true, the surface and bottom transport fractions should balance as well. However, results shown above give bottom fractions that are generally higher than surface fractions. In these cases, the bottom stress calculated using a frictional coefficient of r=5x10 −4 m s −1 was less than the surface stress calculated using Large and Pond's (1981) empirical relationship. Here we compute the frictional coefficient needed for bottom stress to balance surface stress by forcing the surface and bottom transport fractions to balance.
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Using equations (2), (4), and (6) with the above assumption that the bottom transport fraction should equal the surface transport fraction,
where: var() denotes a variance operation, U b is the measured bottom transport, R is the surface transport fraction, and v b is the bottom velocity. From this relationship, a new friction coefficient r can be found iteratively. This calculation was performed on all results, and the resulting frictional coefficients are given here as a function of both station and year (Table 4) an order of magnitude. The variability of r could be due to terms in momentum balance we've neglected here, however the increase of r with decreasing water depth is consistent with an increase in bottom stress due to the effect of surface gravity waves in the bottom boundary layer (Grant and Madsen, 1979) .
Influence of Stratification
As mentioned earlier, observations and model studies indicated reduced Ekman transport at lower levels of stratification. Decreasing stratification acts to thicken the boundary layers, as stratification affects the eddy viscosity in the Ekman velocity derivation (Allen et al, 1995; Austin and Lentz, 2002) . 
Discussion
The results of the Ekman transport calculation presented above clearly illustrate the offshore divergence of Ekman transport in the inner shelf off Oregon. The wind-driven dynamics that control circulation offshore appear to extend inshore with a magnitude adjustment based on the divergence of Ekman transport along a coastal boundary. Yet the role of wind stress curl in this process and the wind-driven dynamics in water less than 15 m depth deserve further discussion.
In addition, we will compare these results to previous studies and discuss the validity of using temperature differences as a proxy for density stratification on the inner shelf.
Wind stress curl
In contrast to a number of previous studies, wind stress curl is unlikely to be significant cause 
Comparing with previous results
Comparing the transport fraction results presented here with those reported by Lentz (2001) for the wide North Carolina shelf indicates a dynamical similarity between the two regions.
Overlaying the two series ( Figure 5) , the results from North Carolina fall close to those from Oregon in both layers but have consistently higher surface transport fractions. These similarities are notable given the large difference in shelf geometry. Off Oregon, 15-m moorings were 1 km offshore while 50-m locations were about 5 km offshore. In contrast, off North Carolina, the 13-m site was 1.6 km offshore while the 60-m site was 77 km offshore. Thus, results from the two areas collapse when compared by water depths, but are quite different when compared by offshore distance. In addition, the 5 km offshore extent of Ekman divergence found here is half the value reported by Huyer (1983) using mid-shelf measurements made off central Oregon.
Using combination of current meters and ADCPs, Austin and Grantham (2005) 
Calculation failures
Given the cross-shelf divergence of Ekman transport found on the Oregon inner shelf and its similarities to the cross-shelf transports observed elsewhere, those deployments that failed to meet the necessary conditions are of further interest as they raise questions about the assumptions used in this analysis. Notable failures of the transport calculations occurred in all measurements taken at 8-m locations and at more than half the deployments made at station FC.
These deployments failed as either the measured transports were uncorrelated with the stresses or a significant wind-driven depth-averaged cross-shelf velocity component existed. Again, positive correlations of the measured transports and stresses and no significant correlation between the surface stress and the depth-averaged cross-shelf velocity are necessary conditions of the theory used here.
We suggest that the influence of local bathymetry is responsible for the failure of the transport Even though appropriate measurements (i.e., wave direction) to fully investigate this point were not made in our study, the results raise questions about the exact nature of the cross-shelf transport that occurs between the surf zone and the inner shelf.
Temperature difference and stratification
Our analysis links the level of stratification to the cross-shelf transport fractions using the top to bottom temperature difference, divided by the depth between them, as a proxy for the actual density stratification present. However, density over the Oregon shelf is also a strong function of salinity. Thus, it is necessary to determine how well temperature works as a proxy for density.
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If temperature changes throughout the water column are well correlated with salinity changes, we would have reason to assume that temperature is a good predictor of density.
Where we have salinity measurements (8-m depth at each 15-m mooring), salinity is strongly negatively correlated with temperature (Table 5) . Further, correlating the 8-m salinity with temperature measurements from all available depths showed that temperatures throughout the water column were negatively correlated with the 8-m salinity at most locations ( Table 5 ). In fact, only a few examples exist in the data where the surface temperature is not significantly correlated to the 8-m salinity. While surface heating might be a factor in these few examples, this simple test indicates that temperature and salinity generally fluctuate together over the entire water column at these shallow inner-shelf stations. CTD casts (not shown here) made by the PISCO program adjacent to most mooring locations further support this result. In most casts, observed temperature and salinity gradients are co-located with warm, fresh water overlaying cold, salty waters. Therefore, the top-to-bottom temperature difference used here is a valid proxy for the density stratification present over the inner-shelf during summer.
Implications for larval transport and phytoplankton blooms
Our results have several ecological implications. The first is that our data suggest cross-shelf transport of materials such as larvae and phytoplankton may be minimal inshore of about 15-m depth. Two observations are consistent with this interpretation. Barnacle (Balanus glandula and Chthamalus dalli) recruitment varies little with latitude along the stretch of coast encompassed by the PISCO mooring array (Menge et al, 2002) . In the context of the present results that indicate little cross-shelf Ekman transport occurs inshore of 15 m depth, barnacle larvae released into inner shelf waters may be retained there rather than being swept far offshore as has been suggested for California coastal waters (e.g., Roughgarden et al, 1988; Farrell et al, 1991) . Since 
Conclusions
The fraction of the full theoretical Ekman transport present in the wind-driven cross-shelf circulation over the Oregon inner shelf increased from 25% of full Ekman transport at 15-m depth (1-2 km offshore) to full Ekman transport near 50-m depth (5-6 km offshore). In general, transport fractions were found to be locally steady at those stations occupied for multiple years.
The assumption of along-shelf uniformity was found to hold at most locations and velocities at these stations were well correlated along the coast. At station FC, the consistent exception to most results reported here, velocity profiles from all deployments exhibit significant turning of the principal axis of flow with depth. This indicates flow at this location is significantly influenced by local along-shelf bathymetric variations, causing deviations from theoretical Ekman predictions.
The preliminary drag coefficient assumed here in the linear bottom stress parameterization resulted in bottom transport fractions that were consistently higher than surface transport fractions. Adjusting this coefficient to balance the bottom and surface transport fractions resulted in slightly higher drag coefficients that increased in magnitude moving onshore. This increase is consistent with higher drag nearshore due to surface gravity wave effects on the bottom boundary layer.
The fraction of full Ekman transport as a function of water depth found here is similar to that reported by Lentz (2001) 
